In modern society, exposure to multiple airborne pollutants is almost inevitable as we spend majority of our time living, working and travelling within enclosed indoor environments. The exposure to these ubiquitous contaminants, e.g. bioeffluents, particulate matter (PMs), formaldehyde (HCHO) and other volatile or semi-volatile organic compounds (VOCs and SVOCs), mould, radioactive gases, etc., could adversely affect occupants' health, comfort and productivity. [1] [2] [3] [4] [5] [6] [7] [8] [9] Ventilation and ventilation of conditioned air are often the primary solution to reduce and ameliorate concentrations of undesirable compounds. 10, 11 However, sometimes, indoor air pollutants could not be totally eliminated by ventilation alone, what ventilation can do best is to reduce concentrations of these pollutants to the recommended or regulated levels given by indoor air quality guidelines or by national standards.
There have been debates about whether a consideration of health effects should be included when specifying minimum ventilation rate in standard building codes or regulations; this has been largely resolved with a consensus to specify ventilation to meet requirements for both comfort (mainly odour and irritation) and health effects in relation to concentrations of specific airborne pollutants, such as NO 2 , CO, CO 2 , PM 10 , HCHO, TVOC (total VOCs), some aromatic hydrocarbons, e.g. BTEX (benzene, toluene, ethylbenzene and xylenes), NH 3 (ammonia), moulds and other microbes, radon, bioeffluents, tobacco smoke, etc. [12] [13] [14] Correspondingly, the targeted concentration limits should be considered as not harmful to occupants' health and do not negatively impact occupants' perception of their indoor environment. 12 In this sense, to determine an airflow rate (or ventilation rate) that can be used to maintain a healthy and comfortable environment is practically the definition of the required minimum ventilation rate for a specific building.
Minimum ventilation rate is often a term used in guidelines, regulations, standards or even legislations to ensure indoor air quality (IAQ) in buildings is acceptable at a broader scale. [15] [16] [17] The easy part of designing ventilation rate for a building is to interpret the minimum ventilation rate as minimum ventilation rate per person (m 3 h À1 per person), minimum ventilation rate per area (m 3 h À1 m À2 ) or air change rate (ACH, h À1 ) based on specific purposes. The more difficult part is to determine an appropriate rate for a specific building, even after indoor emission sources have been carefully studied. Probably the impossible aspect is to set a reasonable rate that could cover comprehensively all civic buildings including residential, public and commercial buildings, and to specify this ventilation rate in formal or less formal mandatory or recommended standard documents.
The kernel of this issue is to consider the various health objectives, to support actions on determining appropriate ventilation rates to control indoor concentrations of various airborne contaminants to assure acceptable indoor air quality for occupants. First, health effects of many indoor contaminants or contaminant mixtures are unknown and many will stay unknown for a very long time. 12, [18] [19] [20] This level of ignorance would substantially contribute to a less reliable or undecidable concentration limit for many contaminants for indoor environments. Yet, the dilemma will still remain in the coming future. On one hand, a great deal of time and financial investments have been devoted to health end-point studies, making it impossible to exhaust all contaminants of concerned. On the other hand, indeed, the government can ban certain chemicals from manufacturing processes; however, the industry could react by inventing new products with slightly different chemical formulae, and making these new products available to the market. Thus, we would have a continuous uncertainty regarding the composition of 1 indoor contaminants over many years without a comprehensive understanding of the corresponding health effect of the airborne mixture of various contaminants. 21 However, efforts to improve IAQ cannot simply wait for this scientific mystery to be solved. Many engineering approaches to mathematically or experimentally determine the minimum ventilation rate based on a few target pollutants have already been proposed, tested, recommended and practised for many years. These target pollutants (single or mixture) often refer to as ventilation rate determinants.
Odour, along with irritants, are the early ventilation rate determinants. 12, 22 Ever since the method proposed by Fanger 23 to quantify perceived IAQ in a controlled environment, based on occupant dissatisfaction caused by exposure to odours and airborne irritants produced from human activities, materials, smoking and so forth, considerable research interests have been established to link minimum ventilation rate to odour and irritation mainly based on human perception of comfort. However, people adapt very quickly to odour, but at the same time, people would be less adaptable to chemical irritants. When determining ventilation requirements and perceived IAQ, a higher ventilation rate would be expected if using non-adapted occupants, compared to results that consider adaptive occupants. 13 As a by-product from research on perceived IAQ, CO 2 is now the most employed IAQ indicator (or a surrogate) to be used as a basic determinant for ventilation requirements for many years. However, CO 2 (<5000 ppm) has only been proven recently to be harmless to occupants' health, 24 while CO 2 with bioeffluents would pose deleterious effects on occupants (e.g. acute symptoms, cognitive performance) during typical indoor exposures, as well as would enhance perception of poor air quality. 1 Enough evidences have been shown to conclude that, indoor CO 2 concentration could provide engineers with a convenient way to quantify bioeffluent intensity in a real environment without the need to perform additional experiments. Therefore, the ventilation rate could be quantified in advance or incorporated as a part of a demand-controlled measure to deliver adjustment of indoor environment for the wellbeing of occupants. 25 Nonetheless, the downside of the prevailing usage of CO 2 as the ventilation determinant is that the environment could be vulnerable to indoor contaminants other than bioeffluents. 26 VOCs, as an example, are principally emitted from both solid and liquid building materials. Among hundreds of VOCs, formaldehyde, benzenes and its homologues, or TVOC are usually the most popular selections for emission study. [27] [28] [29] VOCs can be the dominant pollutants in low-occupant-density spaces, e.g. offices and dwellings, 26 which means the ventilation requirement to dilute concentrations of emitted VOCs from indoor materials can be higher than the need to dilute concentration of bioeffluents. However, there are limitations associated with the application to use VOCs as a determinant of ventilation; these are:
1. Although innovative devices and methods to monitor VOCs and other indoor pollutants in indoor air have been used, 30, 31 there is still a lack of low-cost, long-endurance and specie-specific sensor for formaldehyde or other target VOCs. Therefore, besides modelling, the approaches to adopt the quantification of specific VOCs to demand-controlled ventilation would be difficult to perform. 2. The long-term VOC emissions usually follow a twostage (e.g. unsteady-state emissions for about three to six months at high emission rate and pseudo steady-state emissions after $6 months at low emission rate) pattern. 26, 32 Consequently, the ventilation rate requirement would change over time. The balance between ventilation capacity, long-term energy and financial investment would not be easy to optimize in practice, due to this decay pattern. 3. Until now, TVOC data are still often not comparable due to a lack of a consensus on the definition and a good analytical procedure to avoid variation. 33 Although PM, SVOCs are usually not considered as ventilation determinants, the relationship between these contaminants and ventilation requirements should also be studied.
Fumes from cooking, environmental tobacco smoke (ETS), or other burning processes are major indoor particle sources. 34 The fume-extractor fan in the kitchen is usually mainly used for removing cooking-generated pollutants directly from either residential or commercial kitchens. The air-exchange rate to meet the ventilation requirement in non-kitchen spaces in a building should be determined separately. The particle emissions from smoking are usually non-continuous and are not practical to account for a non-continuous emission source related to personal behaviour. A better way to address smoking is to encourage people to smoke in a specific room that also have a high-capacity exhaust fan, e.g. in a restroom or outdoors, e.g. in the balcony space. Therefore, the particles originated from indoors can be excluded from the list of ventilation determinants. However, another major burden of particles comes from outdoors. The unprecedented and frequently occurring haze events in China 35, 36 have triggered the public awareness for a better outdoor and indoor environment. Since air enters into rooms should be adequately treated, there is an increasing demand on better and affordable solutions in air filtration (usually with mechanical ventilation) and air cleaning (usually with natural ventilation) technologies.
In other words, more than ever, the determination of PMs is now a prerequisite to determine ventilation rate.
SVOCs, on the other hand, are another newly emerged pollution due to increasing use of consumers' products. 7 The first thing we should notice is that ventilation rate is usually insufficient to remove gas-phase SVOCs, because SVOCs would sorb to surfaces, particles and dust. [37] [38] [39] [40] Particularly, the bounding effect between particles and SVOCs would make SVOCs an important consideration that could affect occupants' health via inhalation of particles. Surprisingly, the primary exposure pathway to SVOCs in normal environment is probably by ingestion of dust, followed by particle inhalation, dermal absorption and air inhalation. 41 This estimation elevated the importance of indoor particle concentrations even more. Usually, larger particles would be easier to accumulate as dust, and the efficacy of removing large particles from indoors is critical. In this sense, air filtration, along with mechanical ventilation, would be more favourable compared to air cleaners. Because particles would only be purified after entering/penetrating into indoor air for air cleaners to be effective under natural ventilation, these particles could be filtered prior to occupant exposure when using mechanical ventilation with air filtration.
By discussing the above indoor pollutants, one bigger issue has been confronting us in our consideration is: how can we determine the ventilation rate for all types of buildings after recognising the fact that ventilation determinants (odour, CO 2 and VOCs) and ventilation prerequisites (particles with SVOCs) could exhibit diversities in many different ways?
On ventilation objectives, the removal of bioeffluents (odour and irritants) based on CO 2 concentration is primarily due to comfort reasons, while reducing VOCs, SVOCs and PM concentrations are mainly health-based actions. On major indoor emission source, odour and CO 2 are mainly human related, VOCs and SVOCs are contributed by indoor materials and products, while particles are mostly outdoor sourced discounting occasional cooking or smoking. On ventilation requirements, odour and CO 2 are strongly related to occupant number, and indoor occupation time, gas-phase VOCs usually have a long-term decaying pattern, while concentrations of particles should be efficiently reduced. In addition, SVOCs should also be reduced by reducing particles or dust.
The current ventilation standards have provided some answers from a practical perspective. Both ASHRAE 62.1-2016 and EN 15251:2007 recommended a so-called ventilation rate procedure to combine the ventilation rate to dilute occupant emissions and nonoccupant (building) emissions. 15, 16 2007. This ventilation rate procedure emphasises the need to meet the ventilation requirements for both bioeffluents and building emissions in a ''1 þ 1 ¼ 2'' fashion. For another example, the Chinese ventilation rate standard GB 50736:2012 17 categorised a group for highoccupant density buildings and recommend the ventilation rates mainly for diluting occupant emissions. This ''1 þ 1 ¼ 1'' method is resulting from the assumption that occupants are the dominant source for indoor pollutants.
Although these above engineering approaches have merits of simplicity and convenience, there are also disadvantages that could lead to further investigation. First of all, this approach might not be rigorous enough to combine the ventilation rate for removing both occupant emissions (bioeffluents) and building emissions. Because, on one hand, ventilation rates for bioeffluents are comfort based and are largely dependent on experiments linking perceived IAQ and ventilation rate in controlled environments. On the other hand, these ventilation rates for regulating building emissions are mainly health based. Modelling is often used to determine ventilation requirements after selecting the appropriate indoor pollutant concentration. Therefore, both the demand and determination method could be varied. Second, the two predetermined base levels of ventilation rate for occupant emissions and building emissions are simply too difficult to accurately represent all different types of buildings. In fact, since office spaces have historically been of interest, 12 thus office is the most studied indoor environment. As a result, the ventilation rate base levels for office spaces usually would be considered as more reliable than the ones for those spaces that are less studied in comparison to offices. Third, the comparison of the adapted model and non-adapted model when determining R p is also debatable. The current EN 15251:2007 standard would apply non-adapted model to intentionally enable most of the people to feel satisfied when entering a room, and this is the reason that the determined ventilation rate would be probably greater than the one determine by ASHRAE 62.1-2016, which uses adapted model when determining R p . Since people could adapt to indoor environment very quickly, the preference of these two models is basically either a contributor or a liability to reduce the energy consumption. Fourth, besides the ventilation determinants, in theory, particles can be reduced by air filtration or air cleaners to minimise effects on the adequacy of ventilation rate. However, the health effect due to the remaining indoor particles (with/without the sorbed SVOCs) would not be easy to cover. Particularly, the health effect of many SVOCs is still unknown. Fifth, after all, the current ventilation rate determination method (i.e. the ventilation rate procedure) is mainly by prediction, and the actual health effect in relation to the use of current methods is uncertain.
To solve this issue, one of the potential solutions is to directly estimate the health effect at various ventilation rate levels. As a starter, Carrer et al. 42 defined minimum ventilation rates as those at which no effect of health outcomes have been observed, such as: (1) respiratory symptoms, asthma and allergy; (2) airborne infectious diseases and sick leave; (3) acute health symptoms and (4) performance and learning in indoor environments.
The problem is, we still do not have enough data and evidence to conclude solid results. However, we have to develop methods that are directly relevant to health, to avoid the five disadvantages mentioned above, at least, using the current ventilation rate procedure. As recommended by Carrer et al., 42 further research on ventilation, exposure and health must be multidisciplinary and should characterise exposures in a systematic way. To design better ventilation rates for our living, working and even mobilizing environments, let us bring more ventilation-exposure-health relation studies for buildings on the table and this is the purpose of our special issue.
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